Background: Avoidance of allergen exposure is an effective measure for preventing naïve and allergic individuals from sensitization (primary intervention) and disease aggravation (secondary intervention), respectively. Regular monitoring of the allergens in the environment is required for the effective intervention. Thus, there is a need for cost-effective test kits for environmental allergen quantifications.
Introduction
Several cat-derived proteins are allergens that are not only found indoor (houses of cat keepers), but also in the open space due to their airborne nature. The proteins can sensitize humans to a variety of allergic manifestations of which allergic rhinitis and atopic asthma are the most common clinical features. 1, 2 Presently, eight cat-derived proteins are officially recognized as human allergens by the IUIS Allergen Nomenclature Sub-committee. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Among them, Fel d 1 (a uteroglobin protein) is regarded as a cat's major allergen as it sensitized more than 50% of the cat allergic subjects. 12, 17, 18 Molecularly, this allergen is a 18-20 kDa protein consisting of disulfide-linked peptide chains 1 and 2. 6 Individual peptide acquires four anti-paralleled helical structures designated H1-H4 for the chain 1 and H5-H8 for the chain 2. 6 Native Fel d 1 may form tetramers of about 35-40 kDa by non-covalent association of two heteromeric dimers. 6, 19 Previously, three
Methods

Preparations of crude extracts of cat and dog hairs, American cockroach (Periplaneta americana) and house dust mites (Dermatophagoides pteronyssinus and D. farinae)
Hairs of healthy female cats (Felis domesticus) and dogs (Canis familiaris) that the owners brought to a veterinary clinic for spaying were obtained. To each gram of the hairs, 20 ml of phosphate buffered saline, pH 7.4 (PBS) containing 0.1% Tween-20 (PBST) were added. The preparations were sonicated (40 kHz) in ice-bath for 30 min before filtering through a cell strainer to remove course materials, then centrifuged (2,000 × g, 4°C, 30 min). The clear supernatants were dialyzed against distilled water at 4°C overnight. The hair extracts were concentrated and protein contents were determined.
Extracts of P. americana (American cockroach), house dust mites, i.e., D. pteronyssinus and D. farinae were prepared as described previously.
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Protein determination
A microtiter plate protocol of Bio-Rad Protein Assay (Bio-Rad, USA) based on Bradford's method was used for determining protein concentration of a preparation which was performed according to the instruction manual. Bovine serum albumin (BSA; Sigma-Aldrich, USA) was used for constructing a standard curve.
Preparation of recombinant Fel d 1
Recombinant Fel d 1 (rFel d 1) with 6× histidine tag was prepared from a transformed BL21 (DE3) E. coli carrying recombinant plasmid with a DNA insert coding for full-length Fel d 1 (chains 1 and 2 with Gly 4 Ser 1 linker between the two chains) as described previously. 28 Appropriately transformed E. coli clone was grown in Luria-Bertani (LB) broth containing 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) as described previously. 21 The bacterial pellet obtained after centrifugation was sonicated (30% amplitude/0.6 sec cycle) Asian Pac J Allergy Immunol DOI 10.12932/AP0876 in lysis buffer (4% glycerol in 10 mM Tris-HCl, pH 7.4) and centrifuged (15,000 × g, 4°C, 20 min). The recombinant protein was purified using Ni-NTA affinity resin (HisPur TM Ni-NTA resin, Thermo Scientific, USA) and the resin-bound protein was eluted from the affinity resin by using 250 mM imidazole in PBS. Protein concentration was determined.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE and protein staining with Coomassie Brilliant Blue G-250 (CBB) dye were performed to visualize the complexity of protein profile of a preparation. The electrophoresis was carried out using a 4% stacking gel and a 12% separating gel. The vertical slab gel (8.0 × 7.3 cm) was cast in Mini-PROTEAN®3 cell apparatus (Bio-Rad, California, USA). One part of protein sample to be resolved was mixed with five parts of 6× sample buffer [0.6 mg SDS, 0.5 mg bromophenol blue, 3.74 ml Tris-HCl (0.5 M, pH 8.8), 4.6 ml glycerol and 1.5 ml β-mercaptoethanol and distilled water to make 10 ml volume] and boiled for 5 min. After boiling, the preparation was centrifuged and the supernatant was loaded into a slot of the stacking gel. PageRuler TM pre-stained protein ladder (Fermentas, Lituania) was included in at least one slot of each gel slab. Electrophoresis was done in electrophoresis chamber at 20 mA per gel with an electric power supply (PowerPac TM , Bio-Rad). At the end of the electrophoretic run, the gel containing the separated proteins was stained with CBB dye. The gel was fixed with 2% O-phosphoric acid in 20% (v/v) methanol in distilled water for 1 h at 25°C. After discarding the fixing solution, the gel was placed in the CBB solution at 25°C overnight on a gentle rocking platform. Excess stain was removed and the gel was immersed in a destaining solution until the background was clear. The stained gel was either kept in 20% ammonium sulfate in distilled water at 4°C or photographed.
Preparation of rabbit polyclonal antibody (PAb) to rFel d 1
Rabbit PAb to rFel d 1 was prepared as described previously. 21 The animal experiments received approval from the Siriraj Animal Ethic Committee, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand (SI-ACUC 015/2557). Three doses of 500 μg of rFel d 1 mixed with alum adjuvant (Pierce, Thermo Scientific, MA, USA) were injected intramuscularly at two week-intervals into a New Zealand White rabbit. One week after the last dose, the animal was bled. Total serum immunoglobulin was precipitated out from the immune serum using 50% saturated ammonium sulfate and IgG (polyclonal antibody; PAb) was purified from the immunoglobulin preparation by using Protein A Sepharose Fast Flow resin (GE Healthcare, Buckinghamshire, UK). Protein content of the PAb was determined and standardized to the required concentration. Titer of PAb against the rFel d 1 was checked by means of indirect ELISA.
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Monoclonal antibody specific to IgE-binding epitope of Fel d 1 Hybridoma clone C48 which secretes IgG1/kappa monoclonal antibody (MAbC48) to a novel conformational IgE-binding epitope of Fel d 1 was generated previously. 21 The clone was grown in a serum-free medium to late log phase and the culture supernatant was harvested. Monoclonal IgG (MAb) was purified from the cell spent medium by using HiTrap Protein-G HP column (GE Healthcare) and protein content was determined and adjusted to a desired concentration.
Preparation of native Fel d 1
Native Fel d 1 (nFel d 1) was used as a standard allergen in the Fel d 1 quantification test kit. The allergen was purified from the crude cat's hair extract (CE) by using affinity (MAbC48-bound) Sepharose resin. 21 Briefly, one gram of CNBr-activated Sepharose TM 4B (GE Healthcare) was dispersed in 200 ml of 1 mM HCl for 15 min. After washing extensively with a coupling buffer (0.1 M NaHCO 3 containing 0.5 M NaCl), 30 mg of purified MAbC48 were mixed with the resin on a rotator at 25ºC for 1 h. Unbound antibody was removed and the resin was washed alternately with the coupling buffer, 0.1 M sodium acetate, pH 4.0, and again the coupling buffer. Ten ml of the CE were added to the MAb-coupled resin and rotated for 2 h before packing into a PD-10 column (GE Healthcare). Native Fel d 1 was eluted from the column by using 0.1 M glycine-HCl, pH 2.5. The eluate was neutralized immediately with 1 M Tris-HCl, pH 8.0, dialyzed against PBS before concentrating to a desired protein concentration.
Titration for optimal concentrations of the MAb and PAb and other reagents and conditions for detecting Fel d 1
Titrations of MAb, PAb and goat anti-rabbit immunoglobulin -HRP conjugate and conditions of the sandwich ELISA were done (three times) according to the ELISA Guidebook. 29 Checkerboard titration was performed for determining the optimal concentrations of the mouse MAbC48 and the rabbit PAb for detecting fixed amount of Fel d 1. Purified MAbC48 IgG was diluted two-fold serially in 100 μl coating buffer ranging from 4.0 to 0.03 μg/100 μl and these were used to coat wells of an ELISA plate (Costar®, USA). After keeping the plate at 4ºC for 16 h, all wells were washed with PBST and blocked with 300 μl of 2% BSA in PBST (blocking solution) at 25ºC for 1 h. Excess blocking solution was removed by washing, then 100 ng of rFel d 1 in 100 μl of diluent (1% BSA in PBST) were added to the MAb-coated wells. The plate was kept at 37ºC for 1 h. After washing as above, wells were added with 100 μl of ten-fold serially diluted rabbit PAb from 1:100 to 1:10,000 in diluent. The plate was kept at 37ºC for 1 h, washed with PBST, and 100 μl of goat anti-rabbit immunoglobulin-horseradish peroxidase (HRP) conjugate (Southern Biotech, USA) at 1:2,000 (optimal and economic dilution from titration) were added to all wells. After incubating further at 37ºC for 1 h and washing, ABTS substrate (KPL, USA) were added and the preparation was kept in darkness for 30 min. The enzymatic reaction was stopped by adding 100 μl of 1% SDS in diluent. OD 405nm of the content of all wells were determined against blank (wells to which PBS was added instead of the rFel d 1) by using an ELISA reader (Multiscan EX; LabSystem, Findland). Optimal concentrations of the mouse MAb and rabbit PAb were their lowest concentrations that yielded the highest ELISA signal against the rFel d 1.
Collection and extraction of house dust samples
Dust samples were collected from houses of 36 cat allergic subjects who were positive by skin prick test to the cat crude hair extract. The dust sample collection received consensus from Siriraj International Review Board, Faulty of Medicine Sitiraj Hospital, Mahidol University, Bangkok (COA no. Si119/2016). For the sample collection, a dust collector was applied for two min on one square meter area of the floor in the patient's bedroom. One hundred mg of each sample was mixed with 1 ml of PBS and centrifuged at 5,000 x g, 25ºC, 10 min. The supernatant was kept in small aliquots at -20ºC until use.
Quantification of Fel d 1 in dust samples
A sandwich ELISA (MAbC48-allergen-rabbit PAb format) was used for quantification of Fel d 1 in the dust samples. ELISA wells were coated individually with optimal amount of purified MAbC48 IgG1 in 100 μl of coating buffer at 4°C, 16 h. After washing with PBST, the wells were blocked with 300 µl of 1% BSA in PBS. Various amounts of native Fel d 1 (standard allergen for constructing a standard curve) or samples were added in triplicate to the blocked wells, incubated at 37°C for 1 h, and washed. Each well was then added with rabbit PAb to rFel d 1 (optimal dilution from titration) in 100 μl PBST and kept further for 1 h. Goat anti-rabbit immunoglobulin-HRP conjugate (Southern Biotech; 1:2,000) and ABTS substrate (KPL, USA) were used for color development with appropriate incubation and washing between the steps. OD 405nm of the content in each well was determined against blank (BSA blocked wells added with PBS instead of the allergen sample). A standard curve was constructed from the OD 405nm of the known native Fel d 1 amounts and the Fel d 1 content of the sample was extrapolated from the standard curve. Negative ELISA was OD 405nm < 0.05. 30 Amounts of the Fel d 1 in the dust samples were also quantified by using commercially available test kit (INDOOR Biotechnologies, USA) which is a sandwich ELISA [MAb6F9 -allergen sample-biotinylated-MAb3E4 format based on a universal allergen standard (UAS)]. 31 Streptavidin-HRP (Southern Biotech) and ABTS (KPL) substrate were used for color development. Fel d 1 content of each sample was calculated from the UAS standard curve.
Statistical analysis
Spearman's rank correlation was used for determining the correlation of the Fel d 1 amounts in the house dust samples quantified by using the locally made reagents and the commercial test kit.
Results
Average amounts of total proteins and native Fel d 1 extracted from 50 g of the cats' hair were 22.18 and 2.533 mg, respectively. Figure 1A shows proteins contained in the cat hair extract after SDS-PAGE and CBB staining. The proteins ranged in molecular masses from >10 to >170 kDa. The 6× histidine tagged-recombinant protein purified from the transformed E. coli lysate after SDS-PAGE and CBB staining is shown as a single band at ~23-24 kDa (Figure 1B) . The protein was found to be rFel d 1 by mass spectrometric analysis ( Table 1) . From 50 g of dogs' hair, 13.72 mg of total proteins were obtained.
Two weeks after giving the last rFel d 1 immunizing dose, the rabbit was bled and the immune serum was collected. The indirect ELISA titer (calculated by EC50) of the rabbit immune serum against the purified Fel d 1 was 1:64,000. At dilution 1:1,000, the PAb yielded OD 405nm at 2.319 and 0.102 against 0.1 μg of 6× His tagged-rFel d 1 and 6× His tagged -recombinant internalin A (control antigen), respectively. Both 6×-His tagged-proteins (0.1 μg) gave OD 405nm at 0.514 and 0.493 when they were detected by anti-6×-His antibody, respectively. The results indicate that the PAb contained principally anti -rFel d 1 and negligible amount of anti-6×-His. The IgG (PAb) prepared from the immune serum was adjusted to 1 mg/ml. For preparing Fel d 1 specific MAb, the hybridoma clone C48 was grown in serum free medium to the maximal phase of growth. Culture supernatant of the hybridoma had the titer (calculated by EC50) at 1:16 to rFel d 1. The MAb IgG1 purified from the hybridoma culture supernatant by using HiTrap Protein-G HP column (GE Healthcare) was adjusted to 1 mg/ ml of PBS.
Native Fel d 1 was isolated from the crude cat hair extract by using MAbC48-coated resin. Figure 1C shows SDS-PAGE -separated pattern of the nFel d 1 (25 kDa) purified from the CE by using MAbC48-affinity resin. The slightly higher molecular mass of the nFel d 1 than the rFel d 1 should be due to glycosylation of the former.
The results of the checkerboard titration of the mouse MAbC48 and the rabbit PAb are shown in Table 2 . The optimal amount of the MAbC48 for coating each ELISA well was 2 μg and the optimal and economic dilution of the PAb was 1:1,000. The MAb concentration at 2 μg/well is rather high and we could use much less amount of the MAb to coat the ELISA well. However, in using less MAb, the amount of the PAb had to be increased. Because PAb obtained from animal immunization tends to have batch-to-batch and animal-to-animal variation, we chose to use more MAb than PAb as the cultured hybridoma secretes MAb with the same quality and specificity in all cultures. By using 2 µg of the MAb as a capture antibody and 1:1,000 rabbit PAb as a detection reagent, it was found that the lowest amount of the purified nFel d 1 that could be detected by the sandwich ELISA was ~0.039 ng (Figure 2) . The ELISA gave negligible signal when the IgG of non-immune serum of the same rabbit at various dilutions were used as the Fel d 1 detection reagent (data not shown).
The test kit did not give positive result to the heterologous antigens namely crude extracts of dogs' hair, D. farinae, D. pteronyssinus, and P. americana.
Amounts of Fel d 1 in the 36 dust samples determined by using the commercialized test kit in comparison with the sandwich ELISA using the locally made reagents are shown in Table 3 . The levels of the Fel d 1 in dust samples detected by 31 However, recent investigation 31 
Discussion
Fel d 1 is produced by squamous epithelial cells of the cat's lacrimal, salivary, and sebaceous glands. The allergen is predominant on the pet's skin and fur and also in anal sac. 3, 20, [32] [33] [34] [35] The amounts of cat-produced Fel d 1 varied depending on several factors including the sexes (hormones) and anatomical sites. 24, 36 Uncastrated males produce more Fel d 1 than the neutered ones and females; this is because testosterone increases the glandular secretions. 24, 36 In the cat skin, the mean Fel d 1 level was significantly higher on the animal facial area than chest. 34 The respective levels in the fur of these two locations were 63.6 ± 34 and 29.6 ± 13.6 µg/g of hair, respectively. 34 Cat washing reduces significantly the allergen levels; but after 2 days the normal concentrations were restored. 34 Cat allergens are airborne and thus they are found ubiquitously in the environment. Non-cat keepers can be sensitized by the environmental cat allergens.
The 21 as a capture antibody and a rabbit polyclonal antibody to rFel d 1 as a detection reagent. Similar MAb-allergen-PAb format was used with success previously in the detection and quantification of cockroach allergens, i.e., Per a 1 and Per a 9. 37, 38 We found previously that the PAb-allergen-MAb format was less sensitive than the MAb-allergen-PAb format. For the former format, it was possible that non-specific components in the samples also bound to the PAb coated onto the ELISA well surface and, in the effect, made it difficult for the MAb which was added later to find the specific epitope, as there might be a steric hindrance effect by the non-specific epitopes/proteins present in the sample. Therefore, the more sensitive MAb-allergen-PAb format was used in this study. The test kit did not give positive result to crude extracts of dogs' hair, D. farinae, D. pteronyssinus, P. americana, and B. germanica, indicating specificity of the assay.
The locally made test kit using extracted and purified native Fel d 1 as standard was compared with the commercial test kit based on UAS for detection and quantification of Fel d 1 in 36 dust samples collected from houses of the cat allergic patients located in Bangkok metropolitan area. From the 36 samples, 3 samples (nos. 25, 27, and 30) were below the detection limit of the locally made test kit while 1 sample (no. 30) could not be detected by the commercial reagents indicating that the limit of detection of the locally made test kit is slightly lower than the commercially available test kit. This might be due to the fact that the PAb used as the Fel d 1 detection reagent of the locally made test kit contained also non-specific IgG. Purification of the rabbit polyclonal antibodies by using recombinant/native Fel d 1 affinity resin should yield the more specific PAb and should increase the assay sensitivity. However, due to limitation of the allergens (native Fel d 1 extracted from the hair of healthy female cat that the owner brought to th clinic for spaying and purified bacterially-derived recombinant Fel d 1), we decided to use the PAb that were isolated and purified from the rabbit immune serum against rFel d 1 by means of ammonium sulfate precipitation and Protein-A affinity resin instead. Nevertheless, the data obtained using the locally made kit and the commercial test kit had a correlation coefficient (r) of 0.923. Formerly, Fel d 1 levels less than 1 μg/gram of dust were unlikely to cause sensitization and allergic symptoms and 8 μg Fel d 1 per gram of dust was suggested as exposure threshold for asthma aggravation of cat sensitized subjects. 31 By using a multi-allergen standard for calibration of the immunoassays, the novel Fel d 1 levels for cat sensitization and symptoms and asthmatic aggravation should be adjusted to 0.29 and 2.35 μg/ gram of dust respectively. 31 There were 16 and 10 dust samples that contained the Fel d 1 above the sensitization threshold when detected by local and commercial reagents, respectively. Disagreement on the total number of samples that contained sensitizing Fel d 1 levels performed by the local and commercial tests (16 versus 10, respectively) could be due to different Fel d 1 epitopes recognized by the capture and detection reagents and different revelation systems of the two test kits. Other explanation for a large differences in absolute values measured by both assays for few samples (such as for samples 24, 26, 31, 34 and 35) could be due to differences in the sensitizing molecule used to develop the antibodies. The two mouse monoclonal antibodies in the commercial ELISA (MAb 6F9 and MAb 3E4) were raised against natural Fel d 1, whereas the mouse monoclonal and rabbit polyclonal antibodies used in the locally prepared assay as the Fel d 1 capture and detection reagents, respectively, were raised against recombinant rFel d 1. The rFel d 1 has the two subunits (chains 1 and 2) artificially linked and thus the heterodimers might assemble differently compared with the naturally occurring counterpart. 6, 39 Bond et al. 39 showed that recombinant Fel d 1 displayed IgE-binding activity and was able to induce histamine release, but at the lower level than the naturally occurring Fel d 1 heterodimers. Thus, differences in oligomerization between the recombinant and natural allergens could lead to differences in the measurements obtained with both assays. Nevertheless, both test kits showed identical results in identification of the samples that contained asthma aggravated levels of Fel d 1.
It is noteworthy that polymorphism of Fel d 1, especially the chain 2 exists due to variation in glycosylation and/or truncated forms. [4] [5] [6] Salivary gland secretes long chain 2 of 92 amino acid residues while sebaceous gland produced short form of 90 residues. 5 Most Fel d 1 specific monoclonal antibodies including our MAbC48 recognized epitopes in chain 1. 1, 21, 40 Thus, the assays should not be affected by the chain 2 polymorphism. Two truncated Fel d 1 heterodimers of 13-14 and 16-17 kDa have been identified in four different anatomical sites of the cats including cheek zone, interdigital zone, anal sac, and chest area. 41 Therefore, it is important that the antibodies used in the Fel d 1 quantification should be directed to the epitope(s) that are conserved for all variants of the Fel d 1.
In conclusion, a two-site (sandwich) ELISA for detection and quantification of Fel d 1 was invented using the MAb specific to a recently recognized Fel d 1 IgE-binding conformational epitope as the allergen capture reagent. Rabbit anti-recombinant Fel d 1 polyclonal IgG and the purified native Fel d 1 were used as the allergen detection reagent and the standard allergen, respectively. Performance of the locally made reagents was comparable to the commercially available reagents. There was a strong correlation (r = 0.923) of the results obtained by using the two test kits beyond chance. The locally invented sandwich ELISA is reliable for future use especially in a situation when the commercial test kit is not available or slow to come, or in developing localities where health facility resources are limited.
